The anomalous signal of S atoms is easily detected at the Cu K wavelength of a non-synchrotron source with current data-collection methods. The position of sulfur and other anomalous scatterers can be located through an anomalous difference Fourier map (F + À F À , 9 calc À 90 ). It has been discovered experimentally that even low-quality preliminary phases are often suf®cient to ®nd anomalous scatterers. Their anomalous signal in the native crystal can contribute to signi®cant improvement in phase re®nement. This technique has been applied to solve the crystal structures of orthorhombic lysozyme and thaumatin. Furthermore, the structure of trypsin was solved using only the diffraction data set from a native crystal collected at a single wavelength (Cu K) from a rotating-anode X-ray generator. The anomalous scattering of sulfur was essential to solve the structure of trypsin which was initially phased from a single intrinsic Ca 2+ atom. The positions of the S atoms of lysozyme and thaumatin were found using the initial SIRAS phases and used in phase re®nement. The overall ®gures of merit and those in each resolution shell were consistently improved. This resulted in much improved electron-density maps even when the diffraction data were limited to 2.5 A Ê resolution or worse. Furthermore, peaks from S atoms and other anomalous scatterers in anomalous difference Fourier maps can con®rm the tracing of the peptide chain and also provide independent unbiased con®rmation of molecular-replacement results. Thus, the anomalous signal of S atoms can contribute to many aspects of solving protein structures and should be used routinely.
Introduction
Anomalous or Bijvoet differences are widely used to help determine the phases of Bragg re¯ections collected in an X-ray diffraction experiment. With the advent of synchrotron radiation and the use of selenomethionine, the crystallographic phase problem is readily solved by accurately measuring Bijvoet differences in a multiwavelength anomalous dispersion (MAD) experiment conducted with wavelengths near the absorption edges of an anomalous scatterer (Hendrickson, 1991) . Even before the widespread use of synchrotron radiation in structural biology, anomalous differences were used to help determine phases with diffraction data collected away from absorption edges with Cu K and other radiation from sealed-tube and rotating-anode X-ray generators (Argos & Mathews, 1973; Hendrickson & Teeter, 1981; Wang, 1985) . In the isomorphous replacement technique, anomalous differences are especially important in resolving the phase ambiguity from a single heavy-atom derivative (SIRAS). Under favorable circumstances, the anomalous differences alone can provide enough initial phase information to successfully determine the structure of a macromolecule (SAS, ISAS; Hendrickson & Teeter, 1981; Liu et al., 2000; Brodersen et al., 2000; Wu et al., 2001) .
Diffraction experiments that rely on anomalous differences require a combination of a detector capable of measuring the signal, one or more elements in the crystal with imaginary structure-factor components (Áf HH ) and an appropriate wavelength in order to produce a measurable signal. In a well designed experiment, the wavelength can be chosen to maximize Áf HH . However, in many experiments the wavelength is ®xed and cannot be adjusted. This is the case with a rotatinganode or microfocus X-ray generator with a copper target. The element present in the crystal need not possess a large anomalous scattering contribution in order to be useful. For example, S, Ca, Zn and Se atoms collected with Cu K radiation have Áf HH values of 0.557, 1.286, 0.678 and 1.139, respectively (International Tables for X-ray Crystallography,  1974) .
Early work by Teeter and Hendrickson led to the structure determination of the 46-residue protein crambin directly from the anomalous scattering of S atoms found in six cysteine residues (Hendrickson & Teeter, 1981) . More recently, Dauter et al. (1999) have shown that small anomalous differences can be used to solve the phase problem for diffraction data collected from tetragonal hen egg-white lysozyme crystals. They used the anomalous signal from S and Cl atoms measured at the wavelength of 1.54 A Ê from a synchrotron source to 1.53 A Ê resolution. Brodersen et al. (2000) used the weak anomalous signal of a bound Zn atom to determine the structure of psoriasin from the native data alone. Wang and colleagues determined the crystal structures of obelin from sulfur anomalous scattering collected at the wavelength of 1.74 A Ê and of ferrochelatase from iron anomalous scattering collected at the wavelength of 1.54 A Ê (Liu et al., 2000; Wu et al., 2001 ). Stuhrmann and colleagues (Stuhrmann et al., 1995 (Stuhrmann et al., , 1997 Behrens et al., 1998) have exploited the relatively heroic data collection from single crystals of ribosome, trypsin and bacteriorhodopsin near the sulfur K absorption edge (5.02 A Ê ) where the Áf HH is maximized. This required a great deal of modi®cation of the hardware setup at a synchrotron beamline.
Many of these earlier efforts to use weak anomalous signals for solving the phase problem have been limited to well diffracting crystals of relatively small proteins. In this work, we show that even poorly diffracting crystals of large proteins can bene®t from the inclusion of sulfur anomalous scattering in the phase determination. In contrast to previously published work, we do not attempt to completely phase the observed amplitudes from the sulfur anomalous differences alone and thereby determine the crystal structure with no other information. Nor in most cases do we attempt to locate the positions of the weak anomalous scatterers from the observed structure-factor amplitudes alone. Instead, we use the Bijvoet differences arising from the presence of weak anomalous scatterers as an adjunct to improve phases initially determined from either the isomorphous replacement or the molecularreplacement methods. These weak anomalous signals for the most part have been ignored in phase re®nement/determination, though they are almost always present. We demonstrate that inclusion of this information in the phase calculation leads to a dramatic improvement in the phases and the Fourier syntheses calculated with them. Indeed, previously uninterpretable electron-density maps become readily interpretable with the new information, while reasonably good maps become even better. The improvement is seen with phases initially determined with the MIRAS, SIRAS, SAS, SIR and MR methods.
We also show that in the favorable case of a bovine pancreatic trypsin crystal the anomalous signal of a structural Ca atom is evident in an anomalous difference Patterson synthesis. The phases derived from this signal enable us to identify the positions of the S atoms. It followed that the anomalous signals from the Ca and S atoms were measured well enough to phase the entire trypsin molecule and generate an easily interpreted electron-density map. In other words, the trypsin crystal structure was solved with one diffraction data set collected at the Cu K wavelength without resorting to heavy-atom substitution. The implications of this are obvious: there was no need for selenomethionine, molecular replacement and/or a heavy-atom derivative to solve the trypsin crystal structure. Since so many proteins are metalloproteins with intrinsic anomalous scatterers, the approach used in phasing the trypsin diffraction data presented herein may potentially be used to determine the crystal structures of members of this class of proteins.
Although replacement of methionine with selenomethionine and a subsequent synchrotron data-collection experiment is a powerful tool to determine crystal structures, it is not always possible. In some instances, recombinant protein is not available. In others, the SeMet protein does not crystallize. These cases can bene®t from careful data collection to measure the sulfur anomalous signal.
Materials and methods

Crystallization and data collection
The three test proteins used in the experiment are bovine pancreatic trypsin, hen egg-white lysozyme and Thaumatococcus deniellii thaumatin. The proteins were purchased from commercial sources and have been crystallized according to the conditions documented in the literature, with slight modi®cations (Bode & Schwager, 1975; Van der Wel et al., 1975) . The crystallization conditions are listed in Two crystals were used for each of the lysozyme and thaumatin determinations. The lysozyme orthorhombic crystal form grown for our studies incorporates an Au atom into the crystal lattice. It appears that this Au atom is lost as the crystals age. A relatively old gold-depleted' crystal was used for a native diffraction data set, while a second similar crystal was soaked in the crystallization solution saturated with potassium dicyanoaurate, KAu(CN) 2 , for 4 h in order to reincorporate the gold moiety. A thaumatin crystal was derivatized by soaking in 10 mM methylmercury chloride dissolved in crystallization solution overnight.
All diffraction data from native and derivative crystals of the test proteins were collected on either a 5.0 kW Rigaku RUH2R or RUH3R rotating-anode generator equipped with MSC Blue-3 or MSC Green-3 multilayer optics at the wavelength of Cu K radiation (1.54 A Ê ). The detector used was either a Rigaku R-AXIS IV ++ imaging plate or MSC Jupiter-140 CCD detector. All the crystals were mounted in arbitrary orientations and collected at cryogenic temperatures in a single continuous scan; that is, no inverse-beam approach was employed. A highly redundant native data set (>tenfold) was collected for each test crystal. All the diffraction data were processed with d*TREK (P¯u-grath, 1999) . The data-processing statistics are summarized in Table 1 .
Phase determination
All the programs used in ®nding the locations of heavy atoms and anomalous scatterers and phase re®nement were from the CCP4 suite (Collaborative Computational Project, Number 4, 1994) . Every data set was treated equally through the DTREK2MTZ and TRUNCATE (French & Wilson, 1978) programs to calculate the amplitude of structure factors (|F|) and anomalous difference (ÁF) from the measured intensities (I). For all calculations described below, the diffraction data within the resolution range 15.0±2.5 A Ê was used.
The initial position of the Ca 2+ ion in the trypsin crystal was located from inspection of Harker sections of an anomalous difference Patterson map. The position and anomalous occupancy of the Ca 2+ were re®ned using the anomalous difference of the native crystal with MLPHARE (Otwinowski, 1991) before the initial single-wavelength anomalous scattering (SAS) phases were calculated using the position of Ca 2+ only.
Anomalous difference Fourier maps (F + À F À , 9 SAS À 90 ) were generated using the FFT program (Ten Eyck, 1973) . PEAKMAX (from the CCP4 suite) was employed to search for peaks in the anomalous difference Fourier map in order to locate the positions of anomalous scatterers such as S atoms. The potential positions of the anomalous scatterers were re®ned along with the parameters for Ca 2+ and new SAS phases were calculated. This cycle was iterated several times. The details will be described in x3.
The positions of heavy atoms in the lysozyme and thaumatin crystals were located from their isomorphous difference Patterson maps. A similar procedure used in phasing the trypsin crystal structure was applied here. The positions of anomalous scatterers were also found by peak searching on the anomalous difference Fourier maps (
). The positions and anomalous occupancies of anomalous scatterers were re®ned using the anomalous difference of the native data as second derivative data. New phases were calculated with information from both the heavyatom and the anomalous scatterers.
The improvement of electron-density maps was visualized with the program O . The map correlation coef®cient of the F o map was calculated using OVER-LAPMAP (Jones & Stuart, 1991) with the 2F o À F c map (F c from the ®nal atomic model) used as the reference map.
Results and discussion
As stated in the introduction, nearly all proteins have methionine and/or cysteine residues. S atoms are inherently present in almost all proteins. However, the sulfur K absorp- tion edge is at 5.02 A Ê , which is far from the energy typically available at crystallographic beamlines or with laboratory X-ray generators. It is very dif®cult to solve a structure using the K edge of S atoms (Stuhrmann et al., 1995 (Stuhrmann et al., , 1997 Behrens et al., 1998) . This paper will use several examples to show the anomalous scattering signal of S atoms can be easily measured on a laboratory source at the wavelength of Cu K radiation (1.54 A Ê ). The anomalous scattering of S atoms can be essential to solve a protein structure.
3.1. Phasing orthorhombic trypsin structure using a single data set
More than a third of the current protein population is known as metalloproteins that contain one or more bound metal ions such as Fe, Co, Ca, Zn and Mn (The Metalloprotein Structure and Design Group, 1999) . Some nonmetalloproteins can bind one or more metal ions during their crystallization process. The bovine pancreatic trypsin molecule has one noncovalently bound Ca 2+ ion. In this experiment, a single data set of a native trypsin crystal was collected on a 5 kW laboratory source at Cu K wavelength (1.54 A Ê ) and its structure was phased from the intrinsic anomalous scattering of Ca 2+ and 14 S atoms. The trypsin crystal was about 0.1 Â 0.1 Â 0.2 mm in size. It was crystallized in the expected space group P2 1 2 1 2 1 . During X-ray diffraction data collection, the crystal was maintained at cryogenic temperatures and no noticeable decay was observed. The data-collection statistics are listed in Table 1 .
The trypsin crystal diffracted beyond 1.6 A Ê resolution, but the data were collected and processed up to the edge of the detector (2.0 A Ê ). The overall redundancy was about 14-fold
Yang & Pflugrath Anomalous scattering from S atoms 1483 research papers Figure 1 Electron density for the reference -sheet in trypsin, which consists of Ile47±Ala55, Ser86± His91 and Asn101±Lys109. The maps were calculated using SAS solvent-¯attened phases. The maps are contoured at 1'. SAS phases were calculated using (a) only Ca 2+ , (b) Ca 2+ and nine S atoms deduced from the top ten peaks of the ®rst list of Table 2 , (c) Ca 2+ and ten S atoms deduced from the top 11 peaks of the second list, (d) Ca 2+ and ten S atoms deduced from the top 11 peaks of the third list, (e) Ca 2+ and 14 S atoms after two S atoms were manually deduced from each disul®de bond.
with 98% overall completeness. The overall R merge and that in the highest resolution (2.0±2.14 A Ê ) shell are 5.6 and 23.6%, respectively. The overall hI/'(I)i for the unaveraged observations is 22.1.
Two ratios of h|ÁF |i/hFi and h|ÁF|i/'h|ÁF |i were used to evaluate the strength and signi®cance of anomalous scattering. According to Hendrickson & Teeter (1981) , the expected average ratio of h|ÁF |i/hF i can be calculated as 2
In the case of trypsin, the number of anomalous scatterers (N A ) in trypsin is 15, the number of total non-H protein atoms (N P ) is 1765 and the effective atomic number (Z eff ) is $6.7 for non-H protein atoms. One Ca 2+ ion with Áf HH A = 1.283 electrons and 14 S atoms with Áf HH A = 0.563 electron results in a value of only 1.6% for the ratio of h|ÁF |i/hFi at the wavelength of Cu K radiation. The overall experimental ratio of h|ÁF|i/hFi is 1.9% up to the resolution of 2.0 A Ê because of the experimental errors in the measured intensities. The experimental ratios of h|ÁF|i/hFi and h|ÁF|i/ 'h|ÁF|i are equal to 1.93 and 1.34%, respectively, in the resolution range 15.0±2.5 A Ê used to phase the trypsin data. At higher resolution, the ratio of h|ÁF|i/hFi increases, but the ratio of h|ÁF|i/'h|ÁF|i decreases. It remains to be tested what resolution is optimal for phasing protein data with the anomalous scattering of S atoms.
Prior to locating the positions of S atoms of trypsin, the position of Ca 2+ was located on the Harker sections of an anomalous difference Patterson map. The position and anomalous occupancy of the Ca 2+ ion were initially re®ned using the anomalous difference of its native data for ten cycles while its B factor was set to 40 A Ê 2 . The error-prone weak data with |F h | or |F Àh | < 2'(I) were excluded. A total of 7698 anomalous differences up to the resolution of 2.5 A Ê were used. Since the Áf HH of Ca 2+ is 1.286 electrons and there is one Ca 2+ ion among 1765 non-H atoms, the overall ®gure of merit of SAS phasing of the Ca 2+ ion was only 0.26. The solvent-¯a ttening procedure DM (Cowtan, 1994) was employed to improve the quality of the electron-density map, but the electron density was still very noisy and the boundary of the molecule was still ambiguous because of low solvent content in the trypsin crystal (27%). One -sheet of the core of trypsin structure was chosen as the reference to display the change in quality of the electron-density maps (Fig. 1) , which consists of Ile47±Ala55, Ser86±His91 and Asn101±Lys109. The correlation coef®cient between the F o map and the 2F o À F c map of the ®nal re®ned structure was as low as 0.15. This ®rst electron-density map was uninterpretable (Fig. 1a) .
When SAS phases calculated from the position of the Ca 2+ ion were used to calculate the anomalous Fourier map (F + À F À , 9 SAS À 90), some`anomalous' peaks with a considerable height were found by the program PEAKMAX. The highest peak has a value more than six standard deviations above the average value in the map. A trypsin molecule has S atoms from two methionine and 12 cysteine residues. The ®rst peak list in Table 2 shows the 16 highest found anomalous' peaks and their corresponding residues. No obvious decrease in peak height was seen between peaks 15 and 16. The positions of the ®rst ten peaks after the peak of Ca 2+ (>4') were input into the program MLPHARE as S-atom positions. A second round of phase re®nement and calculation were performed with a Ca 2+ and ten S atoms deduced from ®rst ten non-Ca 2+`a nomalous' peaks of the ®rst peak list. The ®gure of merit increased by 15% from 0.26 to 0.30 and the map correlation coef®cient also improved. These second SAS phases were also modi®ed by the solventattening procedure (DM). The map of the reference -sheet shown in Fig. 1(b) still appears to be noisy and uninterpretable.
The same procedure to generate the ®rst list of anomalous peaks was used to produce the second list. Five noise peaks included in the second phase calculation were no longer present, while the peaks corresponding to the positions of S atoms remained with an increased height. An obvious decrease in height between peaks 11 and 12 was also seen in the second list of anomalous peaks in Table 2 . The positions of top ten peaks below the Ca 2+ peak in the second list were input (along with the Ca 2+ position) to the program MLPHARE as the sulfur positions for a third round of SAS phase re®nement and calculation. The overall ®gure of merit of the SAS phases was increased to 0.32. The boundary of the protein molecule became clear and some secondary structure became distinguishable, such as the electron density of the reference -sheet shown in Fig. 1(c) .
The same procedure was iterated twice more to produce a third and fourth list of anomalous peaks (Table 2 ). Ten anomalous peaks besides the Ca 2+ peak remained with increased peak heights. The overall ®gure of merit of the fourth SAS phases was increased to 0.43. The map correlation coef®cient reached 0.41 and the map became interpretable, but many discontinuous regions were still seen in the electrondensity map. The electron density of the reference -sheet is shown in Fig. 1(d) .
The top eight out of ten anomalous peaks of the third list were found again in the fourth anomalous difference map (fourth list of Table 2 ). For most of the disul®de bonds, a single anomalous peak instead of two peaks for two S atoms can be found in an anomalous difference Fourier map at a low resolution. The peak position is usually referred to as the position of a`super S atom' (Chen et al., 2000) and located at the center of a disul®de bond (ÐSSÐ). Including higher resolution data can resolve the one peak into two peaks from which two sulfur positions can be deduced. The positions of six S atoms of crambin were recognized only on the anomalous difference Patterson maps at the resolution of 1.5 A Ê . It still remains to be investigated what resolution is high enough to deduce the positions of two S atoms of a disul®de bond on an anomalous difference Fourier map. In this experiment, an anomalous difference Fourier map up to the resolution of 2.5 A Ê was calculated using the fourth SAS phases. This map was visually inspected along with the position of anomalous peaks in the fourth list. In addition to the density of the Ca 2+ ion, two individual spherical densities and six elongated ellipsoidal densities were seen (Fig. 2) . One anomalous peak rests in each density. The two peaks in two individual spherical densities were recognized as the S atoms of Met180 and Met104. The peaks in the center of an ellipsoidal density were recognized as the ÐSSÐ atoms of a disul®de bond and replaced with two S atoms whose bond distance was 2 A Ê . Therefore, the positions of 14 S atoms and one Ca 2+ were input into the ®fth round of SAS phase re®nement and calculation. The overall ®gure of merit increased to 0.46. The map correlation coef®cient increased to 0.48. The map improved considerably, as evident in Fig. 1(e) which shows the electron density of the reference -sheet. Fig. 3 displays the electron density of one -strand (Gln51±Ala55) of the reference -sheet with the side chains in place. The main chain of 245 amino acids was manually traced within a few hours. Fig. 4 shows the direct comparison between SAS phases from the Ca 2+ ion only and from the Ca 2+ ion and 14 S atoms. Fig. 4 (a) displays the map of the C-terminal helix (Tyr234±Asn245) calculated using only SAS solvent-¯attened phases derived from the anomalous scattering of the Ca 2+ ion. It was the most recognizable region of the entire electron-density map. The density of the main chain was discontinuous and side chains were not covered by electron density at the 1' level. It was very dif®cult to recognize the region as an -helix. Fig. 4(b) shows the electron density of the same helix calculated with the anomalous scattering of the Ca Anomalous difference Fourier map generated using SAS solventattened phases for trypsin (C backbone with Ca 2+ and side chains of Cys and Met). The anomalous peaks of the fourth list were found on this map. The map was contoured at 5'. solvent¯attening. The density of the main chain can be easily recognized and almost every side chain was covered by well de®ned density, especially Tyr234 and Trp235.
Trypsin (MW 9 26 kDa) is a good example for testing a new approach to the use of sulfur anomalous scattering in phasing protein structures. According to the values of the imaginary dispersion correction of atomic structure factors (Áf HH ) for metal ions, the strength of the anomalous scattering of the Ca 2+ ion is lower than the commonly used heavy atoms and many common metal ions of metalloproteins, such as Fe and Co atoms. A Ca atom has almost the same strength of anomalous scattering as an Se atom at the wavelength of 1.54 A Ê . The preparation of selenium protein has become a routine step for structural determination. The results of this experiment suggest the positions of Se atoms can be located using the data collected on a non-synchrotron source and the combination of anomalous scattering of S and Se atoms should be able to solve a protein structure without diffraction data from a synchrotron beamline.
3.2. Phasing the protein structures with one native and one derivative data set SIR and SIRAS phasing are commonly used in solving protein structures. In this experiment, we demonstrate that including the sulfur anomalous scattering signal in the cases of SIR and SIRAS phasing can greatly improve the results. Known SIR or SIRAS phases were used to generate an anomalous difference Fourier map through which the positions of S atoms were located. The positions and anomalous occupancies of found S atoms were re®ned along with the positions of heavy atoms using the anomalous differences of native data. The addition of anomalous differences of native data in the phase re®nement and calculation can enhance 2.5 A Ê resolution electron density for the C-terminal helix (model coordinates) generated using different SAS phases. The SAS phases were improved through solvent¯attening. The maps were contoured at 1'. (a) SAS phases were calculated using anomalous scattering of only Ca 2+ . (b). SAS phases were calculated using anomalous scattering of Ca 2+ and 14 S atoms.
resolving the phase ambiguity of SIR and SIRAS phase distributions without introducing any lack-of-isomorphism error.
The two proteins, lysozyme and thaumatin, with molecular weights of 14 and 22 kDa, respectively, were crystallized in different crystal lattices and space groups ( Table 1) . The crystals diffracted to 2.0 A Ê resolution or better. In our study, all the re®nements were performed using only 15.0±2.5 A Ê data to match that of many crystals currently collected with laboratory X-ray generators. An iterative procedure similar to that described for trypsin above was used with the lysozyme and thaumatin diffraction data. However, instead of a single diffraction data set as in the case of trypsin, heavy-atom derivative data were collected and used along with the native data.
The expected average ratios of h|ÁF|i/hF i of both lysozyme and thaumatin are $1.2% with Cu K radiation, lower than those calculated for trypsin and crambin. Experimentally derived h|ÁF|i/hF i ratios of native data of lysozyme and thaumatin are close to their expected value (1.2%) in the resolution range to 2.5 A Ê . These ratios increase at higher resolution owing to the increase in error of ÁF and F measurement. The datum of orthorhombic lysozyme has an overall R merge of 4% and hI/'(I)i for unaveraged observations of 42. Thaumatin datum has an overall R merge of 6.8% and hI/'(I)i of 36. The experimental ratio h|ÁF|i/h'ÁFi of lysozyme and thaumatin native data are above 1.0 to 2.5 A Ê . The signi®cance of the anomalous signal h|ÁF |i/h'ÁFi appears to be closely correlated to the quality of data. Our experience shows that the redundancy of data can play a critical role in increasing the accuracy of the h|ÁF|i and h'ÁFi measurement, especially when the data are collected at a nonsynchrotron source. This is consistent with the observation by Weiss (2001) that data redundancy improves the accuracy of averaged intensities.
The attempt to ®nd sulfur positions by inspection of an anomalous difference Patterson map calculated from the data of lysozyme and thaumatin in the resolution range 15.0±2.5 A Ê failed owing to the low ratios of h|ÁF|i/hFi and h|ÁF|i/h'ÁFi, although others have used more powerful procedures to do so (Dauter et al., 1999; Weiss, 2001) . A gold derivative of lysozyme and a mercury derivative of thaumatin were prepared using the procedure described in x2. The heavy-atom positions were located by isomorphous difference Patterson maps. The SIRAS phases were calculated with the program MLPHARE. The ®gures of merit of the SIRAS phases of each test crystal are listed in Table 3 .
An anomalous difference Fourier map of each native data set from the lysozyme and thaumatin crystals was generated using SIR or SIRAS phases and the anomalous difference of the native data in the resolution range 15±2.5 A Ê . The peaksearch program (PEAKMAX) was also used to ®nd the peaks in the anomalous difference Fourier maps. Table 4 lists the found anomalous peaks and corresponding anomalous scatterers.
After the structure was aligned to the electron-density map, the height of the largest anomalous peak of the lysozyme data is 7.1' above the average map value; this peak was found to be the ÐSSÐ of Cys6 and Cys127. In fact, the anomalous peaks of all S atoms except Cys204 and Met12 were greater than 4' in height. Six anomalous peaks corresponding to bound chloride ions (Áf HH = 0.702) were also found along with those corresponding to S atoms (Table 4 ) and were originally included in the phase re®nement as S atoms.
Lysozyme has eight cysteines and two methionines. Some noise peaks along with the real anomalous peaks were presumably found as top peaks because of the lack of accuracy of the initial phases and there may be also some unexpected anomalous scatterers in proteins. The peaks (>4') were
Yang & Pflugrath Anomalous scattering from S atoms 1487 research papers Table 4 . They were used as individual S atoms in phase re®nement. ³ Two ÐSSÐ and 12 S atoms were deduced from the ®rst 14 anomalous peaks of thaumatin in Table 4 . They were used as individual S atoms in phase re®nement. usually used as those of anomalous scatterers. For lysozyme, the positions of the ®rst 13 peaks (>4') were initially input to MLPHARE and treated as the positions of S atoms. The anomalous differences of the native data for lysozyme were used as the data for the second derivative to re®ne the position and anomalous occupancy of S atoms. The total number of re¯ections used was 4511. After ten cycles of re®nement, the overall ®gure of merit increased from 0.48 to 0.67. The ®gure of merit showed more improvement at high resolution than at low resolution (Table 3 ). This resulted in signi®cant improvement of the electron-density map. The map correlation coef®cient of the electron-density map increased by 20% to 0.53 with the 2F o À F c map of the ®nal re®ned structure used as a reference map. Fig. 5 illustrates the difference of electron densities in the region Gln41±Asn44 in the presence and absence of S and Cl atoms as anomalous scatterers in the phase-calculation procedure. The improved phases produced an anomalous difference Fourier map with eight spherical and four strongly ellipsoidal densities. Since the quality of the electron density of lysozyme was signi®cantly improved, resolving disul®de bonds into two individual S atoms was not necessary for the phasing calculation. When the electron-density map and anomalous difference Fourier maps were superimposed, two spherical and four ellipsoidal density peaks seemed to correspond to the S atoms of methionine and cysteine, as they overlaid the electron densities of side chains. These anomalous densities can be used as markers for chain tracing (Lehmann & PebayPeyroula, 1992; Hendrickson & Sheriff, 1987) . Six spherical peaks in the anomalous difference Fourier map, corre- Figure 6 Electron density for the residues of Ala17±Asp21 of thaumatin. The maps were computed using different phases. sponding to peaks 3, 5, 7, 8, 10 and 12 in Table 4 , might arise from some other anomalous scatterers. They were located about 2 and 4 A Ê away from the side-chain and main-chain protein atoms. These peaks were nearly as strong as those attributed to the protein S atoms, which serve as an internal standard. Chloride ions were inferred to be the only species possible from the crystallization medium. The chloride ions were found in the same locations in the lysozyme structure (1lz8) in the PDB (Berman et al., 2000) .
Diffraction data from a single mercury derivative and the native crystal of thaumatin were collected on a rotating-anode X-ray generator with Cu K radiation. The procedure used here was exactly the same as that used in phasing the lysozyme structure. The ®gure of merit of the SIRAS phases of the thaumatin structure was 0.39. The height of the ®rst anomalous peak was 9.6' ( Table 4 ). The thaumatin sequence has 16 cysteine residues and one methionine residue. No obvious separation in peak height can be seen between peaks 17 and 18. The positions of the top 14 anomalous peaks (>5') were input to MLPHARE as the initial positions of S atoms when the anomalous difference of native thaumatin data was used as the data of the second derivative. The total number of unique re¯ections used was 9426. The overall ®gure of merit was improved by $46% to 0.57 by including these 14 anomalous signal peaks as S atoms in phase calculation. The overall map correlation coef®cient increased by $8%. The better improvement of the ®gure of merit was also seen in the highest resolution shell (Table 3) . Fig. 6(a) shows the electron density for the structure near Ala17 and Asp21 without any S atoms used in the phase calculation. A section of main chain could be mistakenly traced through the density between the side chains of Ser18 and Gly20. Fig. 6 (b) displays a clear trend in the density of the main chain and well de®ned density for the Ser18 side chain.
A new anomalous difference Fourier map displayed clearly eight strong ellipsoidal densities for eight disul®de bonds and one isolated spherical density for the one methionine sulfur after the phases were calculated including sulfur anomalous scattering. The ®rst and ®fth anomalous peaks in Table 3 corresponded to ÐSSÐ moieties. After replacing these ÐSSÐ positions with individual S atoms, the overall ®gure of merit increased to 0.63. The overall map correlation coef®-cient rose by $15%.
Thus, it has been demonstrated in the examples of trypsin and thaumatin that resolving the ÐSSÐ of a disul®de bond into two individual S atoms is required to take full advantage of the strength of anomalous scattering signal of S atoms. It even may be essential in solving protein structures.
Conclusions
The combination of the MAD method and tunable synchrotron radiation has become extremely powerful and popular in the ®eld of structural biology, but dif®culties still arise under certain circumstances. For instance, sometimes selenomethionine protein cannot be expressed in a system, crystals of selenomethionine protein cannot be grown or the crystals are too fragile to be handled. In these cases, a major bene®t would be to use other anomalous scatterers found in protein crystals for phase determination.
S atoms have always possessed an anomalous signal thought to be generally useful in phasing protein diffraction intensities. However, the h|ÁF|i/hFi ratios calculated from S atoms in proteins are usually very low. For instance, the test proteins and crambin have values less than 2% for h|ÁF|i/hFi. Until now, it has been very dif®cult to detect these signals directly in an anomalous difference Patterson synthesis for large proteins at a low resolution. In fact, the sulfur anomalous signal can be relatively easily detected in the anomalous difference Fourier map when any kind of initial phases are available such as the phases from the SIR, SIRAS, SAS, MIR and MR techniques. We have demonstrated how the sulfur anomalous scattering can be easily collected using Cu K radiation from a nonsynchrotron source and used in solving protein structures. Indeed, the methods described herein were essential in the determination in our laboratory of a proprietary crystal structure with more than 800 residues in the asymmetric unit.
There are some advantages of using a laboratory source over a synchrotron to collect the sulfur anomalous scattering. The 1.54 A Ê (Cu K) radiation is longer than the typical wavelength used at synchrotrons for protein single-crystal diffraction (0.8±1.1 A Ê ). At wavelengths longer than 1.54 A Ê (Cu K) radiation, such as 2 A Ê , the expected hÁ|F|i/h|F|i can increase, but additional problems will be introduced such as the radiation absorption of crystals and air scattering. Even at the wavelength 1.54 A Ê , the anomalous scattering signal of S atoms can be masked by errors such as radiation damage without the protection of cryogenic temperatures (Weik & Sussman, 2000) . This problem is exacerbated by the highbrilliance radiation of synchrotron beamlines. It still remains unclear how to optimize the data collection for sulfur anomalous scattering at a synchrotron beamline, although Wang and colleagues have used 1.74 A Ê wavelength (Liu et al., 2000) . Owing to advances in current X-ray generators, optics, detectors and processing software, even the weak Bijvoet differences created by S and other atoms can be measured accurately with a laboratory source. The radiation absorption of a crystal can be corrected by commonly used software. The radiation damage to cryocooled crystals is negligible, which in turn allows highly redundant diffraction data be collected. Highly redundant data are known to be essential for detecting the sulfur anomalous scattering on a conventional laboratory source and even at a synchrotron beamline. Nevertheless, it is very convenient to collect data without traveling to a synchrotron beamline.
We wish to reiterate what seems obvious but often is not practiced by structural biologists. That is, anomalous scatterers can be located readily in anomalous difference Fourier maps calculated with phases derived from other methods (Rossmann, 1961; Argos & Mathews, 1973; Hendrickson & Sheriff, 1987; Lehmann & Pebay-Peyroula, 1992) . In fact, instead of looking for electron-density features that match large aromatic side chains as an aid in initially locating the primary sequence into the map, we recommend that one ®rst looks for sulfur peaks found in an anomalous difference Fourier map. This is analogous to ®nding the methionine positions in a MAD-phased map. Sulfur peaks also provide an important and easy con®rmation of the map ®tting ± one knows that the methionine and cysteine residues are correctly placed. Furthermore, one can also distinguish metal atoms such as Mn and Ca from water molecules and ions such as Na + . It even may be possible to distinguish between Mn and Mg ions, since the Áf HH of Mn is larger than that of both Mg and S (an internal standard!) with Cu K radiation.
Besides their use as chain-tracing markers, the anomalous scattering of S atoms can also contribute to other aspects of structure determination. For instance, when the method of molecular replacement is employed to solve a structure, the position and anomalous occupancy of S atoms may provide an independent con®rmation of the initial MR solution.
Finally, careful, but not heroic, data-collection experiments are required for all the techniques we discuss. With current X-ray generators, detectors and processing software, it is relatively easy to observe the Bijvoet differences arising from the weak anomalous scattering of S and other atoms. We stress that careful experiments should always be performed. The intrinsic anomalous signal from S and other atoms should be routinely measured and used in phasing protein crystal diffraction data, since it can contribute to many other aspects of solving protein crystal structures.
